Abstract-Several solutes (e.g., growth factors, cationic solutes, etc.) can reversibly bind to the extracellular matrix (ECM) of biological tissues. Binding interactions have significant implications on transport of such solutes through the ECM. In order to fully delineate transport phenomena in biological tissues, knowledge of binding kinetics is crucial. In this study, a new method for the simultaneous determination of solute anisotropic diffusivity and binding reaction rates was presented. The new technique was solely based on Fourier analysis of fluorescence recovery after photobleaching (FRAP) images. Computer-simulated FRAP tests were used to assess the sensitivity and the robustness of the method to experimental parameters, such as anisotropic solute diffusivity and rates of binding reaction. The new method was applied to the determination of diffusivity and binding rates of 5-dodecanoylaminofluorescein (DAF) in bovine coccygeal annulus fibrosus (AF). Our findings indicate that DAF reversibly binds to the ECM of AF. In addition, it was found that DAF diffusion in AF is anisotropic. The results were in agreement with those reported in previous studies. This study provides a new tool for the simultaneous determination of solute anisotropic diffusion tensor and rates of binding reaction that can be used to investigate diffusive-reactive transport in biological tissues and tissue engineered constructs.
INTRODUCTION
The investigation of the mechanisms of solute transport in the extracellular matrix (ECM) of biological tissues is crucial for understanding cell nutrition and biosynthetic activity, and for designing and fabricating tissue-engineered constructs. Diffusion is a major transport mechanism for small solutes in avascular tissues (e.g., articular cartilage, intervertebral disk (IVD), etc.). 33, 51, 52 Several studies characterized diffusive transport properties of solutes in cartilage, 6, 32, 40, 43, 44 IVD (see reviews by Urban et al., 53 Jackson and Gu 19 ), ligaments, 29 or menisci. 47 Due to the unique morphology of these tissues, solute diffusion may be anisotropic. 9, 16, 20, 21, 29, 35, 46, 47 Moreover, for some molecules (e.g., growth factors, cationic solutes, etc.), transport can also involve reversible binding reactions with the ECM of the tissue. 1, 3, 15, 18, 37, 38 The modalities of solute-ECM binding depend on the chemical nature of the solute. It has been reported that rhodamine B base and tetramethylrhodamine (TMR), positively charged, bind to the negatively charged ECM of articular cartilage. 1, 37, 38 Similar findings were reported by Inagawa and co-workers, who demonstrated that octaarginine, being a positively charged molecule, binds to the negatively charged glycosaminoglycans of cartilage ECM. 18 In addition, experimental studies on desorption and diffusion of growth factors in bovine articular cartilage showed that IGF-I specifically binds to IGF-binding proteins (IGFBP) present in the ECM of cartilage tissue. 3, 15 Binding interactions can have significant implications on solute transport in biological tissues. For instance, Bhakta et al. 3 and Garcia et al. 15 reported that diffusive transport of IGF-I was dramatically slowed down by binding reactions with IGFBP present in the ECM of cartilage. Therefore, the knowledge of solute-ECM binding kinetics is crucial for fully understanding the mechanisms for molecular transport in tissues.
Currently, a few techniques are available to experimentally investigate solute binding in biological tissues.
Arkill and Winlove 1 used a fluorescence microscopy approach to detect the binding of rhodamine B to equine articular cartilage. This technique allowed the visualization of the areas of the tissue in which binding occurs. However, this method did not provide quantitative information about the binding rate of the solute to the tissue. Garcia et al. 15 developed a technique, based on isotope-labeled IGF-I, for investigating the diffusive-reactive transport of IGF-I in bovine articular cartilage. The method, comprising two independent experiments, allowed the determination of IGF-I diffusivity and its binding rate to IGFBP present in the ECM of the tissue.
Fluorescence recovery after photobleaching (FRAP) has become an established approach for determining molecular mobility in cells (see reviews by Meyvis et al., 34 Reits and Neefjes, 39 Lippincott-Schwartz et al., 31 Sprague and McNally 41 ), as well as in biological tissues. [26] [27] [28] [29] [45] [46] [47] In particular, several FRAP techniques have been proposed for the analysis of solute diffusive-reactive transport in living cells and in bulk solutions. 4, 5, 7, 8, 10, 13, [22] [23] [24] [25] 30, 42, 49 These techniques are able to quantitatively determine both solute diffusivity and the binding reaction rates. However, these methods have only been developed for the case of isotropic diffusion.
The objective of this study was to develop a new FRAP method to simultaneously determine solute anisotropic diffusivity and binding reaction rates in a biological tissue. The technique was solely based on Fourier analysis of video-FRAP images. The accuracy and the robustness of the method were first assessed by numerically simulated FRAP experiments for a tissue with binding sites. The new technique was then applied to the simultaneous determination of the two-dimensional (2D) diffusion tensor and the binding reaction rates of 5-dodecanoylaminofluorescein (DAF) in bovine coccygeal annulus fibrosus (AF).
THEORETICAL BACKGROUND
In the following, it is assumed that diffusive-reactive fluorescence recovery is a two-dimensional (2D) anisotropic phenomenon occurring in the focal plane (x, y) of the microscope objective. It is also assumed that solute binding interactions with the tissue can be described by the Langmuir adsorption model: the free (i.e., mobile) fluorescent solute F can reversibly combine to an available (i.e., unoccupied) binding site S of the ECM of the tissue to generate an immobile fluorescent complex B. Since, during a FRAP experiment, the tissue can be considered in mechanical equilibrium (i.e., no deformations with respect to the initial configuration), the mass balances over the species F, S, and B read: 
Equations (1a-c) can be rewritten as 42 :
Note that Eqs. (3a-b) are similar to those presented by Crank 11 for describing isotropic diffusive transport with first-order reversible reaction. By performing a dimensionless analysis of Eqs. (3a-b), it can be shown that diffusive-reactive transport is essentially governed by two dimensionless numbers 42 :
For certain values of Da and R, diffusive-reactive fluorescence recovery can be approximated to idealized cases, such as pure diffusive transport, effective diffusive transport, and reaction-dominated transport (Fig. 1) . Briefly, pure diffusive transport is achieved when the rate of binding dissociation is sufficiently higher than the pseudo-rate of binding association (R ( 1). In this condition, most of the fluorescent molecules are free and transported through the ECM of the tissue by diffusion. Effective diffusion arises when binding association is much faster than diffusion (Da ) 1), so that, at any location, binding reactions rapidly achieve a local equilibrium. In this condition, molecular transport is regulated by a diffusion equation, whose diffusion coefficient, known as effective diffusion coefficient, is defined as 11, 42 :
In contrast, reaction-dominated transport occurs when the rates of binding association and dissociation are comparable (R ‡ 1), and diffusion is very fast compared to both the binding rate and to the timescale of the FRAP measurement (Da ( 1). After bleaching, free molecules instantly equilibrate, so that diffusion cannot be detected during the FRAP test, and fluorescence recovery is only governed by the rates of binding association and dissociation.
A general solution for diffusive-reactive transport can be obtained by transforming and solving Eqs. (3a-b) in the 2D Fourier space of frequencies (u, v), so that fluorescence recovery can be described by the following relation (see section ''Solution of the Diffusion-Reaction Equations in the Fourier Space'' in Appendix):
Iðu; v; tÞ Iðu; v; 0Þ ¼ Ae
where I is the 2D Fourier transform of the fluorescence intensity of FRAP images, and A, B, k 1 , and k 2 are related to the initial dimension of the bleach spot (d), the reaction rates k Ã a and k d , and D(n), which contains the components of D (see section ''Solution of the Diffusion-Reaction Equations in the Fourier Space'' in Appendix). Note that, in deriving Eq. (6), it has been assumed that the intensity of the fluorescence emission of a FRAP image is proportional to the concentration of the fluorescent probe (free and bound). This assumption is experimentally met when the concentration of the fluorescent probe is not so high as to cause self-quenching of fluorescence.
2 By curve-fitting the 2D Fourier transform of the intensity of the fluorescence emission of a time series of video-FRAP images with Eq. (6), in principle, one can simultaneously determine the reaction rates k 14 Therefore, to improve the uniqueness of the curve-fitting parameters, multiple FRAP experiments, characterized by different fluorescence recovery regimes, can be simultaneously curve-fitted (see ''Methods'').
METHODS
In this study, numerically simulated FRAP experiments were used to validate the method proposed and to evaluate its sensitivity to experimental parameters, such as the anisotropic diffusion tensor and the binding rates. The technique was then applied to the experimental determination of anisotropic diffusivity and binding rates of 5-dodecanoylaminofluroescein in bovine coccygeal AF.
Computer Simulations of FRAP Tests
A finite element method package (COMSOLÒ 3.2, COMSOL Inc., Burlington, MA) was used to simulate 2D anisotropic diffusive-reactive fluorescence recovery after photobleaching. Initially (t = 0), the fluorescent solute concentration (both free and bound) was 2 ), the concentration of the fluorescent probe was assumed to be constant (c f + c b = c*). For each of the cases investigated, fluorescence recovery was simulated over a time frame corresponding to four times the characteristic diffusive-reactive time s (see section Dimensionless Analysis of the Field Equations for Diffusive-reactive Transport in Appendix). For data analysis purposes, a time series of 200 images (8-bit gray scale) of 128 9 128 pixels, representing the fluorescence recovery on the focal plane of the microscope objective, was extracted from the simulation domain (Fig. 2) . The physical dimension (L) of the series of FRAP images corresponded to eight times the value of the initial diameter of the bleach spot (d) used in the simulations. The diffusive-reactive parameters and the dimensions of the bleach spots used in the simulated FRAP experiments are listed in Table 1 .
FRAP Experiments on Bovine Disk
Blocks of AF tissue were harvested from a bovine coccygeal S2-S3 IVD. Eight cylindrical specimens (5-mm diameter, 270-lm thickness) were obtained from circumferential sections of AF blocks (Fig. 3) .
The diffusive-reactive properties of 5-dodecanoylaminofluorescein (DAF) in the ECM of AF were investigated. Specimens were equilibrated in a PBS solution (pH = 7.4) with 0.1 mM DAF (529 Da, k ex 485 nm; k em 535 nm, Molecular Probes, Inc., Eugene, OR) for 24 h. In order to prevent swelling during equilibration, AF specimens were confined between two sinterized stainless steel plates (10 lm porosity) and an impermeable spacer, 45, 46 (Fig. 3 ). Samples were removed from the holder and the bathing solution ( Fig. 3 ) before testing. A total of 16 FRAP experiments (2 experiments on each specimen) were performed.
Experiments were conducted at room temperature (22°C) with a confocal laser scanning microscope (LSM 510 Zeiss, Jena, Germany) using a PlanarNeofluar 209/0.5 WD 2.0 objective (Zeiss), a 86-lm pinhole, and a 25-mW argon laser (488-nm wave length). For data analysis purposes (see ''Data Analysis''), each FRAP experiment consisted of four consecutive cycles of photobleaching and recovery, performed in the same area of the sample. bleaching the sample, were collected in each cycle. The time delay between two consecutive frames was 0.1 s. The time delay between two consecutive cycles was sufficient for reaching complete fluorescence recovery within the sample. In order to prevent tissue dehydration during testing, samples were moisturized with DAF solution between two consecutive FRAP cycles. In addition, to avoid faster fluorescence recovery due to edge effects, photobleaching was always performed in the central portion of the sample surface (i.e., at more than 250 lm from the lateral edge of the sample). Furthermore, to minimize the diffusive flux in the z-direction (orthogonal to the focal plane of the microscope), a multi-layer bleaching (MLB) protocol, similar to that reported in our previous study, 45 was adopted. Briefly, in each FRAP cycle, AF samples were sequentially photobleached at four different layers. The bleach spots were produced from top to bottom of the sample at 32, 27, 17, and 7 lm of distance from the glass slide carrying the specimen. Fluorescence recovery was observed in the lowest photobleached layer (i.e., at 7 lm from the glass slide). Using such MLB protocol, the accuracy in determining solute diffusivity was affected by a relative error less than 20%. 45 
Data Analysis
Both computer-simulated and experimental FRAP images were analyzed by a custom-made, MATLABbased algorithm (MATLABÒ Version 7.7.0.471 (R2008b), supplied by The MathWorks Inc., Natick, MA) based on Eq. (6). Preliminary studies indicated that the accuracy of the technique in determining solute diffusivity and reaction rates significantly improved when multiple FRAP tests were simultaneously curvefitted. Therefore, three different sets of computersimulated FRAP images were obtained using the same set of diffusive-reactive parameters D, k the Fourier space. 47, 48 Since binding reactions were assumed to be isotropic, the values of k Note that, the principal directions of solute diffusivity in circumferential sections of bovine AF were assumed to be oriented along the axial and the radial direction of the disk. 20, 21, 45, 47 Therefore, the principal components of D in AF were denoted as D axi (along the axial direction) and D rad (along the radial direction).
In order to verify the accuracy in determining solute diffusivity and reaction rates in bovine AF, additional FRAP experiments were performed to yield the solute effective diffusion tensor (D eff ). Effective diffusive fluorescence recovery occurs for large values of Da (Fig. 1) . Since Da is proportional to the square of d (Eq. (4a-b) ), to achieve a fluorescence recovery regime close to effective diffusion, FRAP experiments were conducted using the largest bleach spot (d 4 = 28.8 lm). Photobleaching data were analyzed by a pure anisotropic diffusive (i.e., no binding reactions) model reported in a previous study, 47 
Statistical Analysis
A paired t-test was performed using Excel Spreadsheet software (MicrosoftÒ Office Excel 2003, Microsoft Corp., Seattle, WA) to determine whether a statistically significant difference existed between the reaction rates (k Ã a and k d ) of DAF in bovine AF. In addition, a paired t-test was also performed to check for statistical differences between D axi and D rad , and between D axi eff and D rad eff .
RESULTS

Validation by Computer-Simulated FRAP Tests
In order to evaluate the sensitivity and the robustness of the new method, first, FRAP experiments were simulated by inputting the values for D, k quantities. The accuracy of the method was assessed by the relative error (e), defined as
The sensitivity of the new model was investigated for a 10 6 -fold range of Da and R, both varying from 10 23 to 10 3 . This was done by varying the experimental parameters used in the simulations, ( Table 1) . The values of Da and R were calculated via Eqs. (4a-b) . Note that, in determining Da from Eq. (4a), the value of d was obtained by averaging the three bleach spot sizes used in the simulations (i.e. (Fig. 5) . The accuracies in FIGURE 5 . Determination of anisotropic diffusive-reactive parameters at various diffusive-reactive transport regimes. The areas of the contour plots indicate values of the relative error (e) less than 2% (white), between 2 and 5% (black), and more than 5% (gray). determining D 0 xx and D 0 yy were similar: The relative error was less than 2% for most cases investigated. Higher values of the relative error (e > 5%) were found in two main regions of the plane (R, Da): when Da ‡ 100 and R ‡ 10, and when Da £ 10 21 and R ‡ 10, (Figs. 5a-5b) . While determining k Ã a and k d , the value of e was found to be less than 2% for most of the cases investigated. Higher relative error (e > 5%) was obtained when Da ‡ 100, and for couples of R and Da belonging to the upper-left corner in the plane (R, Da), (Figs. 5c-5d ). The overlay of the relative errors while determining all the diffusive-reactive parameters is shown in Fig. 5e . Table 2 .
FRAP Experiments on Bovine Disk
DISCUSSION AND CONCLUSIONS
In this study, we presented a new FRAP technique for the simultaneous determination of anisotropic solute diffusivity and binding reaction rates in biological tissues. The new method was first validated by computer-simulated FRAP tests, and then applied to the simultaneous determination of the diffusivereactive parameters of DAF in bovine coccygeal AF. Our FRAP experiments showed that DAF reversibly bound to the ECM of AF. We speculated that binding might occur due to the interaction between the amine group of DAF and the negatively charged glycosaminoglycans present in the ECM of the tissue. A similar binding mechanism has been proposed for octaarginine (positively charged) in articular cartilage. 18 Note that the pH level of the disk is acidic, 12 while the pH of the DAF solution used in our experiments was 7.4. Therefore, the rates of binding reactions reported in this study might differ from their corresponding values in physiological conditions. It was also found that DAF diffusion in bovine AF is anisotropic, with the diffusivity in the axial direction (D axi ) being higher than that in the radial direction (D rad ), and the ratio of D axi /D rad~1 .44 (Table 2 ). This finding is in agreement with previous studies on anisotropic solute diffusion in bovine AF, such as fluorescein (332 Da) 45 and glucose. 21 This anisotropic behavior is likely due to a unique feature of disk structure: microtubes, existing in AF, represent a preferential pathway for molecular transport, facilitating solute diffusion in the axial direction of the disk. 17, 46 This finding is also consistent with the notion that transport of nutrients and other molecules mainly occurs through cartilage endplate route. 50 In addition, the values of R and Da governing fluorescence recovery of DAF were 1.75, and 0.25, respectively. Numerical simulations indicated that, for such values of R and Da, the accuracy of the method in determining the diffusive-reactive parameters is the highest (Fig. 5e) (Table 2) .
Numerical simulations showed that the new method provided high accuracy in determining the principal components of D, k Ã a and k d for a wide range of experimental parameters used in this study (Fig. 5e) . However, the precision of the technique reduces when fluorescence recovery is predominantly governed by pure diffusion, by effective diffusion, or by reaction. For instance, while determining D 0 xx and D 0 yy , low accuracy was found in two main regions where R ‡ 10 and Da < 10 21 , and where R ‡ 10 and Da ‡ 100, (Figs. 5a-5b ). This is expected since, in the first region, ) and reaction rates (s
21
) of DAF in bovine AF. fluorescence recovery is reaction dominated and, consequently, independent from solute diffusivity (Fig. 1) . On the other hand, in the second region, fluorescence recovery is governed by effective diffusion. In this transport regime, diffusivity and binding reaction rates are embedded in a single transport parameter (i.e., the effective diffusion tensor, see Eqs. (5)). Therefore, the curve-fitted results for D (Figs. 5a-5d ). In addition, the high relative error while determining k Ã a and k d was also found in the upper-left corner of the plane (R, Da), (Figs. 5c-5d ). This is due to the fact that, in this region, fluorescence recovery is purely diffusive (Fig. 1) and, consequently, independent from the rates of the binding reaction.
In this study, in order to improve the accuracy of the method for determining solute diffusivity and binding rates, a simultaneous analysis of multiple photobleaching data sets was performed. When a single FRAP experiment is analyzed, due to the bi-exponential form of Eq. (6), curve-fit of diffusivereactive parameters may be non-unique, 14 see Fig. 6 . However, simultaneous analysis of FRAP experiments performed with three different initial sizes of the bleach spot (d), significantly improves the uniqueness of the curve-fitting parameters. This is because the three sets of photobleaching data, although sharing the same values of D, k (4a-b) ).
Previous studies have demonstrated that binding interactions may significantly reduce the rate of solute transport in the ECM of biological tissues. 3, 54 Besides, binding phenomena may also reduce the amount of free (unbound) solute transported in the tissue. 54 Therefore, knowledge of solute diffusivity and binding rates is crucial for accurately describing the transport mechanisms of reactive molecules. In this study, we propose a novel experimental approach for simultaneous measurement of diffusive-reactive parameters. Compared to previous techniques (e.g., isotope labeling 15 ), this FRAP method has the advantage that it is site specific, and, therefore, able to detect local variations of transport properties in non-homogeneous tissues (e.g., IVD). Compared to our previous FRAP technique, 47 the current approach presents a major innovation: While the previous method only allowed the determination of the anisotropic solute diffusivity Although this technique was applied to characterize DAF transport in bovine AF, in principle, it could be used for any biological system. However, the size of the sample might represent a limitation for the application of this method. In order to successfully perform multiple curve-fitting, the initial sizes of the bleach spots must differ from one another as much as possible. Therefore, if the dimension of the sample is limited (e.g., cell cytoplasm), the range of variation of the bleach spot size is also limited, reducing the accuracy of the method.
In summary, we have developed a new FRAP technique for the simultaneous determination of diffusivity and binding rates of solutes in biological tissues. The method is based on the simultaneous analysis of multiple FRAP experiments obtained by varying the initial diameter of the bleach spots. Numerical-simulated FRAP experiments have been used to evaluate the sensitivity and the robustness of the method at different diffusive-reactive fluorescence recovery regimes. In addition, the method has been successfully applied to the characterization of diffusivity and binding reaction rates of 5-dodecanoylaminofluorescein with the ECM of bovine AF. This new technique provides a useful tool for investigating molecular transport in biological tissues.
APPENDIX
Dimensionless Analysis of the Field Equations for Diffusive-reactive Transport
Now, for the sake of simplicity, the ideal case of isotropic diffusive-reactive fluorescence recovery is considered. The extension of this analysis to the more general case of anisotropic diffusion can be easily derived.
In the case of isotropic diffusive-reactive transport, recovery of fluorescence intensity within the images is controlled by four parameters: the diffusion coefficient D, the pseudo-rate of binding association k Ã a , the rate of binding dissociation k d , and the initial diameter of the bleach spot (d). Let Da and R be two dimensionless numbers defined as
The number Da represents the ratio of the diffusion time to the characteristic time of binding association, and, therefore, has the physical meaning of the Damkho¨ler number. 36 The number R represents the ratio of the characteristic time of binding dissociation to that of binding association. Let d be the characteristic length and s the characteristic time of the diffusive-reactive process, defined as
Equations (3a-b) can be rewritten in the following dimensionless form:
where " c f and " c b are the concentrations of free and bound solutes normalized by the total pre-bleach concentration of fluorescent solute;t(defined ast = t/s) andr 2 (defined asr 2 = r 2 AEd 2 ) are the dimensionless time and the dimensionless Laplacian operator, respectively. Eqs. (A2a-b) indicate that the two dimensionless numbers, Da and R, govern the diffusive-reactive fluorescence recovery.
Solution of the Diffusion-Reaction Equations in the Fourier Space
The system of Eqs. (3a-b) is transformed in the 2D Fourier space defined by the dimensionless frequencies (u, v): 
includes the components of the 2D diffusion tensor D (i.e., D xx , D xy , and D yy ). Assuming that, before bleaching (t = 0), the system is at equilibrium (both dC f /dt and dC b /dt equal zero), from Eqs. (A3b) we have
Equations (A7a-b) represent the initial conditions for Eqs. (3a-b) . Note that, in the Fourier space, the intensity of the fluorescence emission is proportional to the total concentration of the fluorescent solute (C = C f + C b ) according to the following relationship 2 :
Iðu; v; tÞ Iðu; v; 0Þ ¼ Cðu; v; tÞ Cðu; v; 0Þ :
Combining the solution of Eqs. (3a-b) with (A8), it follows that Iðu; v; tÞ Iðu; v; 0Þ ¼ Ae
Curve-fitting the 2D Fourier transform of the fluorescence emission of a video-FRAP image series with (A9) yields the binding rates k 
where h is the orientation of the principal directions of D with respect to (x,y) (Fig. 7a) 
